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One of the approaches adopted to avoid toxicity of NSAIDs and allow its long-term use is to load them on carrier systems. 4 Among the different nanocarriers are micellar delivery systems. These systems are ,200 nm and are designed to encapsulate lipophilic drugs in order to increase drug stability in plasma, enhance tissue penetration and targetability and avoid nonspecific distribution and toxicity. 5 Lornoxicam (LX) is an NSAID of oxicam class. It is a yellow crystalline solid with an acid ionization constant (pKa) of 4.7. Its molecular weight is 371.8. It is highly ionized at physiological pH and has relatively low lipophilicity. Systemically, LX has analgesic, antipyretic and anti-inflammatory action because it inhibits the action of cyclooxygenase (COX) enzyme and consequently prevents prostaglandin biosynthesis. Prostaglandins are involved in all phases of inflammatory events including fever and pain reactions. 6 Compared to other NSAIDs, LX is a strong antiinflammatory drug. Its analgesic activity is comparable to that of opioids. 7 Besides, LX was suggested to have protective effects against RA. It stimulates the synthesis of reparative proteoglycans and inhibits the release of superoxide radical and platelet-derived growth factor, both of which contribute to the pathogenesis of RA. 8 Previous studies including ours demonstrated a considerable anti-inflammatory effect of the topical application of nano-formulas that contain LX. 9, 10 However, little work has addressed the effects of LX-loaded nano-systems when administered systemically. The objective of the present study was to assess the therapeutic efficacy of the systemic administration of lornoxicam-loaded nanomicellar formula (LX-NM) in rat models of acute or chronic inflammation. The fore-mentioned formula was prepared by our research colleagues who previously reported its effective ocular penetration with least adverse effects. 9 To provide extra evidence on the effectiveness of the LX-NM formula as an alternative delivery system, we compared its possible anti-inflammatory and antioxidant effects to those shown by the free drug in experimental models of RA. 
Materials and methods chemicals
Preparation of polymeric nanomicellar systems
Mixed polymeric nanomicellar systems were prepared by direct equilibrium technique using the method described previously. 11 Briefly, the nanomicellar system was prepared by dissolving accurately weighted amounts (0.5 g) of each polymer (T701, P84) in 10 mL distilled water and left to equilibrate in a thermostatically controlled water bath adjusted at 37°C for 24 hours. Afterward, accurately weighted amount of LX (1 mg/mL) was dissolved in the prepared nanomicellar system to obtain LX-loaded nanomicelles.
LX-NM was prepared by dissolving LX (1 mg/mL) in a previously prepared polymeric nanomicellar system. The analysis method of the formula was ultraviolet (UV) analysis at 378 nm, as mentioned in our previous work. 9 Determination of the size of the prepared mixed polymeric nanomicellar systems
The hydrodynamic diameter 12 and the polydispersity index (PDI) of LX-loaded mixed polymeric nanomicellar systems were determined by photon correlation spectroscopy (PCS) that analyzes the fluctuations in light scattering owing to the Brownian movement of particles. The nanomicellar system was diluted (10 times) with bidistilled water and was placed into a quartz cuvette at 25°C±0.5°C, at 90° to the incident beam using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcester-shireMalvern, UK). All measurements were performed, in triplicate.
Morphological examination of prepared mixed polymeric nanomicellar systems
The morphological appearance of the prepared LX-loaded micellar system was evaluated using transmission electron microscopy (TEM). One drop of the diluted vesicular dispersion was deposited on the surface of a carbon-coated copper grid, negatively stained with 2% phosphotungstic acid, and then allowed to dry at room temperature for 10 minutes for investigation by TEM.
animals
Adult male Wistar rats, weighing 120-180 g, were obtained from the animal facility of Faculty of Pharmacy, Cairo University, Egypt. Animals were housed under controlled environmental conditions: constant temperature (25°C±2°C), humidity (60%±10%) and a 12/12-hour light/dark cycle. Standard chow diet and water were allowed ad libitum. 
carrageenan-induced hind paw acute edema
The experiments were conducted according to the method of Winter et al. 13 In brief, 0.1 mL of carrageenan (1% w/v in saline) was injected into the subplantar region of the left hind paw. As a control, the contralateral paw (right hind paw) received 0.1 mL of saline. At hourly intervals for 4 hours after carrageenan administration, edema was measured by using Plethysmometer (Ugo Basile 7140; Ugo Basile, Varese, Italy). Edema is expressed in milliliter as the difference between the right and left paws. The animals were pretreated with diclofenac (3 mg/kg, i.p.), 14 LX-NM (0.325, 0.65 and 1.3 mg/kg, i.p.) or free LX in saline solution (1.3 mg/kg, i.p.) 15 1 hour before injection of carrageenan. Percent inhibition of edema is directly proportional to the anti-inflammatory activity.
Fca-induced chronic arthritis
Arthritis was induced in rats by subplantar injection of 400 μL of FCA in the right hind paw. 16 As a control, the contralateral paw (left paw) received 400 μL of saline. After 14 days, rats were allocated to four groups of six animals each, treated as follows: 1) FCA control; 2) diclofenac group: received diclofenac as a reference drug in the dose of 3 mg/kg, i.p.; 3) LX group: received free LX in a dose of 0.325 mg/kg i.p. and 4) LX-NM group: received LX-NM in a dose of 0.325 mg/kg i.p. based on the results of carrageenan-induced hind paw edema. A separate group of animals was run concurrently as a normal control and received saline.
The anti-inflammatory activity was assessed by measuring edema on days 0, 2, 6, 10, 14, 18, 22, 24 and 28 following FCA injection using Plethysmometer (Ugo Basile 7140) and was expressed in milliliter as the difference between the right and left paws. The body weight of rats was measured every 7 days, and the changes in body weight are shown as weight growth (g).
After measuring paw volume of rats on day 28, blood was withdrawn from retro-orbital plexus under thiopental anesthesia before sacrificing them by cervical dislocation. The blood was used to separate serum for assessment of oxidative stress and inflammation biomarkers. Hind paws were removed from rats for histological examination.
Determination of oxidative stress biomarkers
Serum malondialdehyde (MDA) was determined as thiobarbituric reactive substances (TBARS) according to the method described by Mihara and Uchiyama 17 and expressed as nanomoles per milliliter. Serum nitric oxide (NO) was determined as total nitrate/nitrite (NO x ) spectrophotometrically at 540 nm using Griess reagent after reducing nitrate to nitrite by vanadium trichloride 18 and was expressed as moles per milliliter.
Determination of inflammatory biomarkers
Serum levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), prostaglandin E2 (PGE2) and nuclear factor-κβ (NF-κβ) were measured using commercially available rat-specific enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer's instructions.
histopathological examination
Hematoxylin and eosin (H&E) staining of separated tissue specimens was performed, fixed in 10% neutral-buffered formalin and decalcified in EDTA for 30 days at 4°C. After procession for paraffin embedding, sections were cut at 4 μm thicknesses, stained with H&E and viewed under a light microscope. Histopathological changes were scored using semiquantitative grading with five scores as follows: 0, normal; 1, minimal synovitis without cartilage/bone erosion; 2, synovitis with some marginal erosion but with joint architecture maintained; 3, moderate synovitis and erosion with a change in joint architecture and 4, severe synovitis and erosion with loss of normal joint architecture. 19 
statistical analysis
The data are presented as mean ± standard error of the mean (SEM). Data were analyzed using one-way analysis of variance (ANOVA) followed by the Tukey-Kramer multiple comparison test. The GraphPad Prism software (version 5; GraphPad Software, Inc., La Jolla, CA, USA) was used to perform the statistical analysis and create the graphical presentations. The level of significance was fixed at p#0.05, with respect to all statistical tests.
Results
characters of the prepared polymeric nanomicellar system
Polymeric micelles including LX showed a mean diameter of 169.45 nm, with narrow size distribution (PDI =0.243). TEM images of the optimized LX-loaded nanomicellar system confirmed that the particles were non-aggregated and spherical in shape with narrow size distribution (Figure 1 ). It was observed from different frames that only a monomodal size species was present throughout the investigated sample. The mean size of the particles observed in the TEM micrographs was in good agreement with the size obtained from the particle size analyzer.
effects of lX and lX-NM on carrageenan-induced hind paw acute edema in rats
The injection of carrageenan produced a gradual increase in edema volume over the 4 hours experimental period. Treatment with free LX (1.3 mg/kg, i.p.) and LX-NM (0.325, 0.65 and 1.3 mg/kg, i.p.) significantly decreased the edema volume at the third hour and fourth hour after induction of paw edema (Figure 2 ). The higher doses of LX-NM (0.65 and 1.3 mg/kg, i.p.) exerted more significant reduction in edema volume (p,0.001) than that exerted by the low dose of LX-NM (0.325 mg/kg, i.p.) (p,0.01) at the third hour and fourth hour after induction of paw edema (Figure 2) . The inhibitory effect of LX-NM on the paw edema was higher than that of free LX for the same dose (1.3 mg/kg, i.p.) at the same time. Moreover, the low dose of LX-NM (0.325 mg/kg, i.p.) produced effects comparable to that of diclofenac (3 mg/kg, i.p.); accordingly, this dose was selected to evaluate the anti-inflammatory activity of LX-NM against chronic inflammation (Figure 2) .
effect of lX and lX-NM on percentage edema and weight growth in Fcainduced chronic arthritis in rats Injection of FCA led to a marked peripheral edema of the injected paw in all treatment groups during the first 14 days. Daily treatment with LX-NM (0.325 mg/kg, i.p.) starting on day 14 significantly reduced the percentage of edema when compared with the FCA group and produced enhanced reduction than that of diclofenac (3 mg/kg, i.p.; Figure 3) . The relationship between the extent of joint inflammation and the weight loss was also investigated. As shown in Figure 4 , animals treated with FCA gained weight more slowly than the normal control group. Although the rate of weight gain in LX-NM-and diclofenac-treated rats was lower than that of the normal control group, it was still much higher than that of FCA-injected rats. However, free LX (0.325 mg/kg) failed to produce any significant effect in FCA-induced arthritic rats. 
Effect of LX and LX-NM on inflammatory biomarkers in Fca-induced chronic arthritis in rats
The development of arthritis after 28 days was associated with a marked increase in the serum cytokines TNF-α and IL-1β to reach 15-fold and 20-fold of the normal control values, respectively (p,0.001). The serum levels of PGE2 and NF-κB were also increased to reach 10-fold and sixfold of the normal control values, respectively (p,0.001). Diclofenac (3 mg/kg, i.p.) and LX-NM (0.325 mg/kg, i.p.) nearly normalized the level of TNF-α and significantly attenuated the rise in IL-1β, PGE2 and NF-κB levels as compared with the FCA group (p,0.001). Free LX (0.325 mg/kg, i.p.) significantly decreased serum TNF-α in FCA rats (p,0.05) but failed to show any significant effect in serum IL-1β, PGE2 and NF-κB levels ( Figure 5 ). 
Histopathological findings
The control group showed normal paw tissue histology ( Figure 7A ). While the FCA group showed massive inflammatory cell infiltration in the dermis of the skin, the subcutaneous tissues and periosteum which showed detectable osteodystrophy and osteoporosis ( Figure 7B1 ) in addition to articular cartilaginous surface focal degeneration and cellular proliferation of the synovial membrane ( Figure 7B2 ). LX administration (0.325 mg/kg, i.p.) did not improve the histological damage due to FCA injection ( Figure 7C) . However, the infiltration of inflammatory cells was significantly decreased with diclofenac (3 mg/kg, i.p.) or LX-NM (0.325 mg/kg, i.p.) treatments (Figure 7D1 and E1) . Additionally, diclofenac group ( Figure 7D2 ) showed intact cartilaginous, bone and synovial structures. Similarly, the articular cartilaginous surface and synovial membrane were histologically intact in the LX-NM group ( Figure 7E2 ).
Histological scores also indicated that only diclofenac and LX-NM managed to significantly reduce the histological changes in FCA-induced chronic arthritis ( Figure 7F ).
Discussion
RA is a chronic inflammatory disease often causing pain, disability and deformity in joints.
1 First-line treatments include systemic NSAIDs such as LX. However, the available literature precludes using LX for long-term inflammatory control due to its significant side effects. LX-reported complications include hair loss, 20 gastrointestinal bleeding, cardiovascular diseases 21 and lung disorders. 22 Thus, new delivery systems are needed to avoid LX toxicity and allow its long-term use. Nanocarriers such as liposomes and polymeric micelles have been used for drug delivery and targeting, thus increasing therapeutic efficacy and minimizing adverse effects at nontarget sites. 5 In the present study, polymeric micelles including LX were fabricated using a simple method and showed a mean diameter of 169.45 nm, with narrow size distribution (PDI =0.243). Furthermore, we studied the therapeutic efficacy of the prepared formula, LX-NM in two classical RA rat models. The first was carrageenan-induced acute edema. The other was FCA-induced arthritis, which is a model of chronic polyarthritis with features that resemble RA. FCAinduced arthritis produces an immune reaction that involves inflammatory destruction of cartilage and joints associated with the swelling of surrounding tissues. Both models have been widely used for the evaluation of different NSAIDs 
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lornoxicam-loaded nanomicelles in rheumatoid arthritis including LX. 6, 23 We used the acute inflammatory model to select the dose of LX-NM that gives anti-inflammatory activity comparable to that of diclofenac, which served as a standard. 24 The chronic model was further used to compare the effects of the selected dose of LX-NM to those shown by the same dose of the free drug. It is worth mentioning that the used dose for LX-NM is a subtherapeutic dose and represents one-fourth of the median effective dose (1.3 mg/kg) of LX for the anti-inflammatory effect. 15 In the present study, we observed that LX-NM exerted a significantly greater inhibitory effect on circulating inflammatory mediators than that shown by free LX. Mediators of inflammation include reactive oxygen species and cytokines. TNF-α and IL-1β are considered to be the major proinflammatory cytokines that mediate the pathogenesis of RA. 25 Systemically, they activate NF-κβ signaling pathway. NF-κβ is a pivotal regulator of inflammatory response in RA. It induces the expression of several genes, including those of inducible nitric oxide synthase, and COX-2 with subsequent production of NO and PGE2. 26 PGE2 can elicit and amplify inflammatory symptoms such as edema and hyperalgesia. Additionally, it has catabolic activity mediated by metalloproteinases, resulting in cartilage and bone erosions. 27 NO also has several effects related to the pathogenesis of joint inflammation and tissue damage in RA, including stimulating blood flow, modulating the immune response, inducing bone resorption and mediating apoptosis. 28 Our results showed that LX-NM significantly reduced serum levels of NO and PGE2. These findings were consistent with those of previous studies of Futaki et al 29 and Berg et al 30 who related it to the ability of LX to inhibit the synthesizing enzymes iNOS and COX1-2. We also observed a significant ameliorating effect of LX-NM on TNF-α, IL-1β and NF-κβ. However, this was not in agreement with Berg et al 30 This may go to their use of a cell line that does not involve production of prostaglandins. LX can indirectly reduce release of cytokines via inhibiting synthesis of prostaglandins. Prostaglandins, besides their own inflammatory effects, promote the formation of other substances such as proinflammatory cytokines, histamine and NO creating an inflammatory loop. 31, 32 TNF-α and IL-1β are classified as sarcoactive cytokines; they stimulate protein catabolism and whole-body protein loss. 33 This can account for the observed weight loss in the rats of the FCA group. However, LX-NM managed to maintain normal weight growth and improve arthritic symptoms via suppressing serum TNF-α, IL-1β and NF-κβ levels.
Inflammatory diseases are characterized by increased oxidative stress. MDA is considered an important marker of lipid peroxidation in RA, reviewed by a previous study. 34 In addition to its anti-inflammatory effect, LX-NM showed a potent antioxidant activity evidenced by its ability to significantly reduce elevated serum levels of MDA. Our results are supported by those reported by Ayan et al. 35 The superior anti-inflammatory efficacy of LX-NM at a subtherapeutic dose can be related to the incorporation of the drug into nanomicelles. Compared to the other micelles, polymeric ones have lower critical micellar concentration, higher ability to withstand dilution and greater drug solubilizing and stabilizing potential. It has been reported that poloxamine-based nanomicellar systems, similar to that used in our study, exhibit an enhanced adsorption pattern to plasma proteins. Such fore-mentioned properties of polymeric nanomicellar carriers lead to reduced reticuloendothelial uptake and prolonged circulation time of the loaded drugs and thus their promoted systemic efficacy. 5 Besides its systemic effects, LX-NM possesses superior local action. Our results showed that LX-NM, not free LX, significantly inhibited FCA-induced long-term joint swelling. Furthermore, the histopathological observations were consistent with and supported our laboratory findings. A considerable explanation is that RA microenvironment probably allows site-specific delivery of LX-NM. Inflammation is characterized by plasma leakage into injured tissues due to the presence of pores in the endothelial cell lining. Moreover, overexpressed inflammatory mediators such as TNF-α and IL-1β trigger vasodilatation and induce neutrophil and monocyte recruitment from circulation. This develops additional endothelial gaps, 36 which facilitates the passive targeting by nanosized drug carriers. 37 In addition to increased permeability of inflamed tissues, they are characterized by relatively low pH. 38 This property can mediate higher release of LX from polymeric nanomicelles at arthritic sites. A previous study stated that at low pH, polymeric chains undergo conformational changes creating stress and further distortion of the micellar core, which causes the leakage of the entrapped drug.
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Conclusion
LX-NM that was prepared by a simple and cost-effective technique showed a superior therapeutic efficacy in experimentally induced RA compared to free LX. This effect can be achieved by systemic suppression of inflammatory mediators and selective targeting to inflamed sites. Our results suggest LX-NM as a promising candidate for RA treatment. Further clinical studies concerning LX-NM potency against various inflammatory disorders and its potential to improve the adverse effects of the free drug are needed.
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